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SYNOPSIS 

I f  you want a quick, o v e r a l l  view, read the In t roduc t i on  and Summary and Con- 

c lus ions.  The sect ions e n t i t l e d  Theoret ical  Considerations, Results and D i s -  

cussion, and References are f o r  the bene f i t  o f  Missour i  residents!  

I NTRODUCT I ON 

There i s  a wealth o f  experimental data on the t ranspor t  p roper t ies  o f  gas 

mixtures - d i f f u s i o n  c o e f f i c i e n t s ,  mix ture v i s c o s i t i e s  and heat conduct iv i t ies ,  

as w e l l  as r e s u l t s  on thermal d i f f us ion .  Rather then at tempt ing some s o r t  o f  

s t a t i s t i c a  assessment o f  a l l  t h i s  information, a few simple systems which 

t y p i f y  i n t  rac t ions  amongst var ious types o f  molecules - monatomic and poly-  

atomic, nonpolar and po la r  - are examined i n  the hope of ob ta in ing  some i n s i g h t  

as to  the concordance between theory (r igorous o r  approximate) and experiment 

(pa instak ing o r  prefunctory).  

To t h i s  end, f i v e  b inary  gas systems are considered i n  the neighborhood o f  room 

temperature, s ince prec ise data a re  most e a s i l y  obtained here. For the systems 

chosen, there i s  data on the three most important t ranspor t  propert ies:  the 

b ina ry  d i f f u s i o n  coe f f i c i en t ,  mix ture v i scos i t y ,  and thermal conduct iv i t y .  
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There i s  a l s o  thermal d i f f u s i o n  data f o r  some o f  these mixtures, but  i t  i s  not  

analyzed or considered i n  d e t a i l  here. 

Systems have been selected so as t o  avoid undue complexity - ternary or m u l t i -  

component mixtures are not examined, since the behavior of these systems should 

be understandable i n  terms o f  the behavior o f  b inary systems. S im i la r l y ,  

systems invo lv ing  i n te rac t i ng  pa i r s  o f  complex polyatomic (and poss ib ly  po la r )  

molecules have been avoided. 

Bn general we expect t h a t  the r igorous Chapman-Enskog theory f o r  monatomic 

gases should serve rather  we l l  i n  descr ib ing the d i f f u s i v i t y  and viscous prop- 

e r t i e s  o f  polyatomic gases. I n  the case o f  the thermal conduct iv i t y ,  however, 

a d i f f u s i v e  f l u x  o f  i n t e r n a l  energy ( ro tat ion,  v ib ra t i on ,  etc.) can make a sub- 

s t a n t i a l  con t r i bu t i on  t o  the heat flux, and must be considered. To t h i s  end 

b the recent approximate theory o f  Mason and Monchick’ f o r  the heat conduc t i v i t y  

o f  polyatomic and po la r  gases i s  invoked and extended ( i n  an approximate 

fashion) t o  gas mixtures. 

S p e c i f i c a l l y ,  the fo l l ow ing  mixtures have been examined: 

Helium-Arqon. Since t h i s  i s  a mix ture o f  monatomic gases, obeying a 

spher i ca l l y  symmetric intermolecular fo rce  law, we should expect the 

r igorous Chapman-Enskog treatment t o  be f u l l y  appl icable.  

Helium-Hydrogen. A mix ture o f  a monatomic gas w i t h  a diatomic mo 

whose on ly  i n t e r n a l  energy i s  ro ta t iona l .  The t rans fe r  o f  energy 

tween t r a n s l a t i o n  and r o t a t i o n  i s  slow f o r  hydrogen, and requi res 

several  hundred c o l l i s i o n s .  Thus we should be ab le  t o  t r e a t  the 

p o r t  of t rans la t i ona l  and in te rna l  energies separately. 

ecule 

be- 

rans- 

Hydroqen-Nitrogen. A mix ture o f  diatomic gases which possess r o t a t i o n a l  
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i n te rna l  energy only. However, i n  examining the heat conduc t i v i t y ,  

the t r a n s l a t i o n - r o t a t i o n  re laxa t i on  i n  n i t rogen  must be considered. 

Argon-Ammonia. This mix ture involves the i n t e r a c t i o n  o f  a monatomic 

gas w i t h  a gas possessing an appreciable d i p o l e  moment. 

Hydrogen-Ammonia. A mix ture invo lv ing a po la r  molecule and a diatomic 

mo 1 ecu 1 e. 

I n  general, the emphasis here i s  on mixture proper t ies;  hence we t r y  t o  t i e  t o  

pe r fec t  p red ic t i ons  as t o  the proper t ies o f  the pure components. To t h i s  end 

experimental thermal conduc t i v i t i es  were corrected t o  be i n  accord w i t h  theory 

f o r  the pure gases f o r  those substances where the theory seems sound and near 

r igorous - helium, argon, and hydrogen, Experimental c o n d u c t i v i t i e s  of n i t r o -  

gen and ammonia have been assumed correct ,  and a r o t a t i o n a l  r e l a x a t i o n  time 

. has been assigned t o  make the experimental heat c o n d u c t i v i t y  of n i t rogen  o r  am- 

monia correspond t o  the theory o f  Mason and Monchick 1 . 

THEORETICAL CONSIDERATIONS 

I n  general, the t ranspor t  proper t ies of d i l u t e  gas mixtures invo lve terms char- 

a c t e r i s t i c  o f  the i n t e r a c t i o n  o f  the pure components w i t h  themselves, and a l s o  

a l l  poss ib le  pa i rwise i n te rac t i ons  between u n l i k e  species. The s e l f - i n t e r a c t i o n s  

g i ve  r i s e  t o  the proper t ies o f  the pure species - not  the subject  o f  t h i s  d i s -  

course. The parameterwhich most d i r e c t l y  character izes the u n l i k e  i n  

i s  the 

D i f f u s i o n  Coeff ic ient .  Such data have been analyzed i n  terms o f  

Chapman-Enskog approxi mat i on (Reference 2, Equa t i ons 8.2 - 44) , 

erac t  ions 

the f i r s t  

n most 

cases corrected by an average o f  the Kihara second approximations3 ca l -  

cu la ted  f o r  the extremes o f  composition. 
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Mixture Viscosities have been analyzed in terms of the first Chapman-Enskog 

approximation (Reference 2, Equations 8.2 - 22). 
input quantity '7 12 derived from diffusion has been corrected according to 
the third C-E approximation for pure qases. 

Mixture Thermal Conductivities for monatomic gas mixtures have been obtained 

However, in most cases the 

from the expression of Muckenfuss and Curtiss 4 . This expression was also used 

to compute the translational energy contribution to the conductivity f o r  the 

other mixtures, but with an appropriate correction, as discussed below. The 

internal energy for mixtures has been computed according to Hirschfelder's 5 

Eucken-type approximation for mixtures, Again with an appropriate correction. 

The use of the Muckenfuss-Curtiss equation for the translational heat conduc- 

tivity with Hirschfelder's equation for the internal heat conductivity is 

justified assuming inelastic collisions rare, This assumption is necessary 

in order that the translational distribution function should not be unduly 

perturbed so 

or diffusion 

this assumpt 

te rchange wh 

that the translational conductivity is related to the viscosity 

coefficients as in the case of the noble gases. It seems that 

on is justified, except in the case of rotation-translation in- 

ch occurs every few col\isions (say 2 - 20). 
1 

Mason and Monchick have derived approximate expressions for the heat con- 

ductivi ty of pure polyatomic gases taking account of inelastic coll isions. 

They find that the translational conductivity is less than that of a monatomic 

gas: 



. '  . 
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Here Ctrans, Crot  are the t r a n s l a t i o n a l  and r o t a t i o n a l  por t ions of the heat 

capaci ty wh i l e  2 i s  the c o l l i s i o n  number f o r  r o t a t i o n a l  re laxat ion.  

On the other  hand, the i n t e r n a l  energy c o n t r i b u t i o n  t o  the conduc t i v i t y  i s  

en ha nced : 

As y e t  no comparable theory f o r  mixtures has been published. 

we use an extension t o  b inary mixtures a r r i v e d  a t  i n t u i t i v e l y  as fo l lows: 

Assume t h a t  the mixture conduc t i v i t y  may be w r i t t e n  

Consequently 

where A > ,  , A A ~ a r e  the deviat ions a t t r i b u t a b l e  t o  the separate components. 

An approximate formula 6 f o r  the conduc t i v i t y  o f  a monatomic gas mixture i s  

where 2,,m0rc ,>s?,-are the conduc t i v i t i es  o f  the pure components, 

are mole f ract ions,  and yz, 
6 

cross sect ions . Hi rsch fe \de r ' s  formula f o r  the i n t e r n a l  heat conduc t i v i t y  i s  

o f  the same form as Equation (4), but with>,'k+, Modif ied Eucken i n  place o f  the 

, 72 
are funct ions o f  the molecular weights and 

-1 
&,,and the replaced by O i / D i j .  We assume t h a t  i n  a mix ture the terms I L 

must be replaced by 

-1 - I  -1 
-t "Lj 3 2 ;.> w ; n  = 



6 

Hence, from Equations (l), (2), (4), (5) and H i r s c h f e l d e r ' s  i n t e r n a l  conduc t i v i t y  

formula, we i n f e r  r 1 

The formula f o r  n>,is obtained from Equation (6) by interchanging subscr ipts 

1 and 2. Thus Equations (3) and (6) were used i n  analyzing data on mixtures 

i nvo l v ing  n i t rogen  and ammonia. 

As mentioned i n  the in t roduct ion,  mixture c o n d u c t i v i t i e s  were corrected so as 

t o  match theo re t i ca l  values f o r  helium, argon, and hydrogen. Hot w i re  thermal 

c o n d u c t i v i t y  c e l l s  measure i n  essence the rec iprocal  o f  the conduct iv i ty .  Thus 

if rh"; , yVz are the exper imental ly reported c o n d u c t i v i t i e s  of the pure com- 

ponents, and 3: i s  the experimental mix ture value, whi le  9, , x 2 a r e  the 

t h e o r e t i c a l  c o n d u c t i v i t i e s  of  the pure components, then the corrected mixture 

c o n d u c t i v i t y  2% i s  

RESULTS AND DISCUSSION 

Helium-Arqon. 

assuming the exponential -6 p o t e n t i a l  w i t h  the fo rce  constants rW = 3.5058, 

D i f f u s i o n  c o e f f i c i e n t s  f o r  the helium-argon system were ca lcu lated 

3 = 13.21, and €/k  = 33.4OK. The values f o r  C( and e/k are taken from Mason 
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whi l e  V,was adjusted t o  f i t  the experimental data o f  Walker and Westenberg 7 

a t  25OC and 1 atmosphere. 

be 1 ow: 

Comparison between theory and experiment are shown 

TABLE 1 -- 
Helium Concentrat ion D i f f u s i o n  Coe f f i c i en t  f (2 )D  

Experiment Ca 1 cu 1 a ted 

0.0 ( t race  He) 0.754 0.750 1.0284 

1 . O  (Trace Argon) 0.725 0.729 1.0001 

The f a c t o r  f ( 2 ) D  i s  the r a t i o  o f  the second Kihara approximation t o  the f i r s t  

Chapman-Enskog approximation. 

theory i s  no t  surpr is ing,  s ince .f,was chosen t o  ob ta in  a good f i t .  

O f  course the agreement between experiment and 

The ex- 

per imenta l l y  observed v a r i a t i o n  of d i f f u s i o n  c o e f f i c i e n t  w i t h  concentrat ion i s  

somewhat la rger  than t h a t  predic ted theo re t i ca l l y ,  bu t  i t  i s  no t  c lea r  if t h i s  

i s  a rea 

V i s c o s i t  es f o r  helium-argon mixtures were ca lcu la ted  again assuming the 

(exp-6) po ten t i a l  w i th  fo rce  constants as fo l lows:  

e f f e c t  o r  merely experimental e r ro r .  

-- TABLE 2 

%.I- d, 

He - He 

A r  - A r  

He - A r  (combining ru les)  

(D i f f  us ion) 

3.109 12.4 9.16 

3.858 14.0 123.2 

3.471 13.21 33.4 

3.494 I I  I I  
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3 Again t h e %  and 6/)c are due t o  Mason ; f o r  pure hel ium and a r g o n L h a s  been 

chosen t o  f i t  the recent, prec ise v i s c o s i t y  determinations o f  lwasaki and 

Kes t in  8 . 
f i r s t  from Mason's3 empir ical  combining rules,  and the second obtained from 

Two values o f  k f o r  the u n l i k e  i n t e r a c t i o n  have been tested - the 

the experimental d i f f u s i o n  c o e f f i c i e n t s  as fol lows: 

( 3 )  i s  the co r rec t i on  f o r  the t h i r d  approximation f o r  the v i s c o s i t y  o f  Here f 

a p u r e  gas ( i n  t h i s  case 1.0062). This procedure lacks elegance, bu t  i s  prob- 
'I 

ably i n  the  r i g h t  d i r e c t i o n .  Theory and experiment are compared i n  Figure 1. 

Although the combining r u l e  i s  not  bad - the worst dev ia t i on  i s  on ly  0.7% - the 

- 

force constants der ived from d i f f u s i o n  are c l e a r l y  t o  be preferred. A l l  i n  a l l ,  

the agreement between the d i f f u s i o n  and v i s c o s i t y  data i s  heartening indeed, 

and seems t o  f u l l y  conf i rm the r igorous Chapman-Enskog theory. I n  f a c t  the 

v i s c o s i t y  data are apparent ly o f  a q u a l i t y  such as t o  j u s t i f y  a proper c a l c u l a t i o n  

of the second approximation. 

Thermal c o n d u c t i v i t i e s  have been computed using the force constants of  TABLE 2, 

( U,= 3.494 f o r  the He-Ar i n te rac t i on ) ;  deviat ions o f  experimentg from theory 

a r e  shown i n  Figure 2. C lea r l y  the deviat ions are much more serious, amounting 

t o  1 .S% i n  the best case ( the data o f  Von Ubisch) , w i  t h  e r ro rs  approaching 1 %  

a t  worst (Baker and Thornton). I n  an ove ra l l  sense, the e r r o r s  seem random 

rather  than systematic, and there seems no cause f o r  quest ioning the  r igorous 

theory. indeed, the computed conduc t i v i t i es  are perhaps more r e l i a b l e  than the 

experimental values f o r  t h i s  system. 
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Data on thermal d i f f u s i o n  i n  helium-argon mixtures has been analyzed by Mason 4. , 

agreement between theory and experiment seems s a t i s f a c t o r y .  

He1 ium-Hydrogen. 

what appears t o  be good p rec i s ion  and accuracy. 

assuming the exponential -6 p o t e n t i a l  w i th  fo rce  constants V,= 3.2898, 

D i f f u s i o n  c o e f f i c i e n t s  have been measured by Bunde" w i t h  

Here they have been ca lcu lated 

c)(, = 13.22, and e/k = 18.27'K ( o( a n d d k a g a i n  from Mason 3 ) ,  w i t h  r,adjusted 

t o  bracket Bunde's data a t  25' and 1 atmosphere, as shown below: 

TABLE 1 
D i f f u s i o n  Coe f f i c i en t  

Experiment Ca 1 cu 1 ated 

- 

Range o f  
Helium Concentrat ion 

1.543 0 ( t race  He) - - -  
0 - 1.00 1.549 

0.1490 - 1.000 1.550 

0.4537 - 1.000 1.572 

- - -  
- - -  
- - -  
1.571 1 .OO ( t race  H2) - - -  

f (2)D 

Again the experimental v a r i a t i o n  o f  d i f f u s i o n  c o e f f i c i e n t  w i t h  composition seems 

somewhat l a r g e r  than theory, bu t  i n  th is  case the experimental compositions em- 

brace a range o f  values, so t h a t  the comparision i s  less meaningfu 

V i s c o s i t i e s  and thermal c o n d u c t i v i t i e s  fo r  helium-hydrogen were ca 

suming fo rce  constants as fo l lows: 

culated as- 
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He - He 3.100 12.4 9.16 

H2 - H2 3.337 14.0 37.3 

He - H2 (combining ru les)  3.226 13.22 18.27 

II II (D i f fus ion) 3.278 

Again & andc/k are from Mason, w i t h  K,,, f o r  the pure components adjusted so 

as t o  reasonably reproduce the experimental data f o r  these gases, 

the He - H2 i n te rac t i on  has been adjusted according t o  Equation (8) w i th  

and V,for 

f ( 3 )  r = 1.0063. Theoret ica l  v i scos i t y  ca lcu la t ions  a re  compared w i t h  experiment 1 1  

i n  F igure 3. Again the agreement between the d i f f u s i o n  and v i s c o s i t y  data i s  en- 

couraging. 

p rec ise  than i n  the helium-argon case, w i t h  dev iat ions o f  1 - 2% rather  than 0.2%) 

(We should note, however, t h a t  the v i s c o s i t i e s  seem considerably less 
c 

Thermal conduc t i v i t i es  computed according t o  the modi f ied Eucken approximation f o r  

mix tures are  compared w i t h  Barua's'' experimental r e s u l t s  i n  F igure 4. (The modi- 

f i e d  Eucken approximation assumes t h a t  the c o l l i s i o n  numbers ZH2 and ZH2-He a re  

s u f f i c i e n t l y  la rge  t h a t  the cor rec t ion  o f  Equation ( 6 )  i s  negl ig ib le . )  C lea r l y  

these data seem t o  favor  the empir ica l  combining ru les  over u n l i k e  i n te rac t i on  

fo rce  constants determined f rom d i f f u s i o n  c o e f f i c i e n t s  or mix tu re  v i scos i t i es .  

(It might  be noted t h a t  these experimental data a re  i n  even c loser  accord w i t h  

the theore t  i ca 1 ana l y s  i s  accompanying the data. 

However, from research on gas chromatography using thermal conduct iv i t y  detectors  

i t  i s  well-known t h a t  small amounts of hydrogen decrease the heat conduct iv i t y  o f  

helium-hydrogen mixtures . 13 From this f a c t  alone one can es tab l i sh  a maximum 



1 1  . 
slope t o  the conduct v i ty -concentrat  

these slopes are shown i n  Figure 4. 

Dinerstein' '  i nd i ca te  t h a t  a mix ture 

thermal conduc t i v i t y  as pure helium; 

d icated as an llX1l on Figure 4. 

on p l o t a t  zero hydrogen concentrat ion; 

Further, the data o f  Schmauch and 

containing 17.3% hydrogen has the same 

the consequences o f  t h i s  f a c t  are in-  

Summarizing, i t  seems t h a t  t he  r igorous Chapman-Enskog theory proper ly  repre- 

sents the r e l a t i o n  between d i f f u s i o n  c o e f f i c i e n t s  and v i s c o s i t i e s  o f  helium- 

argon mixtures. I t  i s  no t  c l e a r  whether o r  not  the modif ied Eucken approxi- 

mation describes the thermal conduc t i v i t i es  o f  these mixtures. Experimental 

data o f  enhanced accuracy are c l e a r l y  required. 

Thermal d i f f u s i o n  data have been analyzed i n  reference 2., p 584. 

Hydroqen-Ni trogen, D i f f u s i o n  c o e f f i c i e n t s  have been measured by Bundel' us ing 

a Loschrnidt-type c e l l ;  he obtained no informat ion on concentrat ion dependence. 

Values have been ca lcu lated assuming r,= 3.6868 ( t o  f i t  the experiment), 

d, = 15.56 and G / k  = 58.97OK (from Mason3). Comparisons a t  1 atmosphere a re  

as fo l lows: 

TABLE 5 - 
Hydroqen Concentration 

0 - 1  

(Ex pe r i men t ) 

1 

(ca 1 cu 1 a ted) 

- - 0 

(calcu late)  

- 
D i f f u s i o n  C o e f f i c i e n t  

25 OC 0.7842 0.7835 0.7599 

5 5 O  0.923 1 0.9079 0.8944 

85O 1.071 1.052 1.037 

f ( 2 ) o  (25O) I .  03220 - - -  1.00006 
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The co r rec t i on  f o r  the second approximation was ca lcu la ted  a t  25OC and then 

appl ied a t  the other temperatures as wel l  - however, t h i s  f a c t o r  should vary 

on ly  very sl  i g h t l y  w i t h  temperature. 

V i scos i t i es  and thermal conduc t i v i t i es  f o r  hydrogen-nitrogen mixtures were 

ca lcu la ted  from the fo l l ow ing  fo rce  constants: 

TABLE 6 -- 

H2 - H2 3.337 14.0 37.3 

N2 - N2 4.01 1 17.0 101.2 

H2 - N2 (D i f fus ion)  3.675 

H2 - N2 (combining ru les)  3.690 15.56 58.97 

I 1  I 1  

A l l  values were taken from Mason3 except f o r  L f r o m  d i f f u s i o n ,  again adjusted 

according t o  Equation (8) w i  th f (3) 

cos i t ies1 ’ ,15  are compared w i t h  theore t ica l  values ca lcu la ted  using W H  -N 

from d i f f u s i o n .  

= 1.0063. I n  F igure  5 experimental v i s -  

r 
2 2  

(Values from combining ru les  were on ly  s l i g h t l y  d i f f e r e n t  

and hence are not shown.) The agreement between v i s c o s i t y  and d i f f u s i o n  data 

again seems sa t i s fac to ry .  

Thermal conduc t i v i t i es  have been computed from Equations (3) and (6) w i t h  

z =  = 00 and ZN2 = ZN -H = 7.2. Theory and experiment16 a re  com- 
H2 ‘H2-N2 2 2  

pared i n  F igure  5. A l so  shown as a dashed l i n e  i s  the modi f ied Eucken-type 

approximation corresponding to Z = ZN -H = 00 . I t  would seem t h a t  the 

apparent d iscord between theory cannot be r a t i o n a l  ized by the choice o f  l a rge r  

c o l l i s i o n  numbers. Once again b e t t e r  experimental conduc t i v i t y  data would be 

most welcome. 

N2 2 2  
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Arqon-Ammonia. 

termined by Sr ivastava and Srivastava17. 

t o  the Lennard-Jones (12-6) po ten t i a l  with 6 = 3.2862 and& = 224.65. 

D i f f u s i o n  c o e f f i c i e n t s  f o r  t h i s  system have recent ly  been de- 

They f i t t e d  t h e i r  experimental data 

These 

values agree q u i t e  c lose ly  w i th  estimates based on empir ica l  combining r u l e s  

using v i s c o s i t y  fo rce  constants o f  the pure components (6 = 3.271g andelk= 221'K). 

V i scos i t i es  o f  argon-ammonia mixtures have been measured by Iwasaki, Kest in,  and 

Nagashima18. 

monia and argon and c a l c u l a t i n g  the parameters charac ter iz ing  the u n l i k e  in-  

t e rac t i on  from the fo rce  constants der ived from d i f f u s i o n ;  r e s u l t s  are shown i n  

F igure 6. 

as much as 7% l a rger  than theory. I t  i s  poss ib le  t o  ob ta in  agreement by a r b i -  

t r a r i l y  tak inga '  = 3.07214 f o r  the u n l i k e  in te rac t ion .  This  i s  equiva lent  t o  

assuming t h a t  the measured d i f f u s i o n  coef f i c ien ts  are too low (should be some 

14.4% larger) .  

and experiment i s  much improved; e r ro rs  are genera l l y  i n  the range o f  1 - 2%. 

( I t  might be noted t h a t  these experimental data appear much less prec ise  than 

the same authors '  resu l t s  for  the helium-argon system.) 

I n  v iew of the ser ious discrepancy between the v i s c o s i t y  and d i f f u s i v i t y  data 

we s e t  about t o  measure the heat conduct iv i t ies  o f  these mixtures a t  300°K. 

A ho t -w i re  thermal conduct iv i t y  was used and ca l i b ra ted  w i t h  hel ium and argon 

assuming conduc t i v i t i es  of these gases t o  be 370.9 and 42.42 microcalor ies 

cm'lsec'loK-' respect ive ly .  (These values were obtained by consider ing 1 i t e r -  

a t u r e  data on the thermal conduct iv i t y  and, more espec ia l l y ,  v i s c o s i t y  of pure 

hel ium and argon1'.) Data were analyzed using Equations ( 3 )  and (6) a f t e r  

These data a re  analyzed here by choosing v i s c o s i t i e s  o f  pure am- 

C lea r l y  there i s  a ser ious discrepancy, w i t h  experimental v i s c o s i t i e s  

0 

The lower p o r t i o n  o f  Figure 6 shows t h a t  accord between theory 

8 
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co r rec t i ng  the c o e f f i c i e n t  f o r  the d i f f u s i o n  o f  i n t e r n a l  energy f o r  the resonant 

exchange of r o t a t i o n a l  energy postuiatsd by Mason and Monchick 1 . The c o l l i s i o n  

An upper number Z 

l i m i t  t o  the mix tu re  conduc t i v i t i es  was ca lcu la ted  assuming Z 

Calcu lat ions a re  compared w i t h  experiment i n  F igure 7 - i t  i s  seen t h a t  the ex- 

was taken as 2.26 so as t o  f i t  the pure ammonia datum. 
"3 - A r  = 00 . 

"3 

perimental conduc t i v i t i es  a re  compatible w i t h  the v i s c o s i t y  resu l t s  but  incom- 

p a t i b l e  w i t h  the d i f f us ion  coe f f i c i en ts .  

'"3 -A r 

Thus the experimental d i f f u s i o n  coef f  ic ients17 f o r  the ammonia-argon system 

As a mat ter  o f  f a c t  by assuming 

= 1.4ZNH3 the experimental data can be f i t t e d  almost per fec t l y .  

are c l e a r l y  suspect and should be remeasured. 

Hydrogen-Amnonia. 

by Bunde 

w i t h  6- 2.933A and elk = 142.7. 

a f i t  o f  the f i r s t  Chapman-Enskog approximation t o  h i s  data over a range of tem- 

D i f f u s i o n  coe f f i c i en ts  f o r  t h i s  system have been measured 

10 
; h i s  r e s u l t s  have been f i t  assuming a Lennard-Jones (12-6) p o t e n t i a l  

(The value oft& was obtained by Bunde from 
0 

perature; CJ- has been deduced by applying an average co r rec t i on  f o r  the second 

Kihara approximation t o  the d i f f u s i o n  c o e f f i c i e n t  t o  = 2.927 deduced by 

Bunde.) Comparisons a t  1 atmosphere are as fo l lows:  

TABLE 1 - 
Hyd rogen Concen t r a  t i on 

0 -  1 1 - - 0 - 
Dif fus ion  Coe f f i c i en t  (ca 1 cu 1 ate) (Expe r i men t) (ca lcu lated)  

25OC 0.7891 0.7830 0.7825 

55O 0.9403 0.9426 0.9324 

85' 1.1018 1.0933 1.0926 

f ( 2 ) D  (25') 1 .00846 - - -  i.00005 



0 
The co r rec t i on  f a c t o r  f(2)D calcu lated a t  25 C was app l ied  a t  a l l  three tem- . 
peratures. 

V i scos i t i es  and thermal conduc t i v i t i es  f o r  hydrogen-amnon 

by assuming v i s c o s i t y  cross sect ions t o  exac t ly  f i t  the v 

hydrogen and pure ammonia. Parameters charac ter iz ing  the 

were taken from the combining ru les  o f  reference 2, p 600 

a have been analyzed 

scos i t i es  o f  pure 

u n l i k e  i n t e r a c t i o n  

6 from d i f f u s i o n  has been corrected according t o  Equation 8 w i th  f(2) = 1.0015.) '1 
L 

Experimental v i s c o s i t i e s  o f  Trautz and Heberl ing2' a re  compared w i t h  theory i n  

F igure 8. ?he agreement i s  seen t o  be very good, w i t h  the d i f f u s i o n  fo rce  con- 

s tan ts  somewhat to  be preferred. Thus i t  appears t h a t  the r igorous Chapman- 

Euskog theory f o r  monatomic gases i s  q u i t e  acceptable even f o r  mixtures i nvo l v ing  

po la r  gases. 

Thermal conduc t i v i t i es  were ca lcu lated from Equations ( 3 )  and (6) w i t h  the resonant 

co r rec t i on  o f  Mason and Monchick and assuming Z = 2.11 so as t o  f i t  the exper i -  

mental value of Gray and Wright 

per l i m i t  t o  the heat conduc t i v i t i es  was ca lcu la ted  assuming Z N H 3 - ~ r  = 00 . 
cu la t i ons  are  compared w i t h  experiment i n  F igure  8. A l so  shown as a dashed l i n e  

i s  the modi f ied Eucken-type approximation corresponding t o  Z " 3 - ~ 2  t o o .  

case the co r rec t i on  f o r  i n e l a s t i c  c o l l i s i o n s  i t  q u i t e  large, and amounts t o  about 

1Pk f o r  pure ammonia, 

concerning the theory from Figure 8. 

one would hope, bu t  show a la rge  random, ra the r  than systematic, f l uc tua t i on .  

The agreement is scarce ly  worse t h a t  i n  the case of the H2 - N2 data o f  the same 

authors shown i n  F igure 5. 

"3 
16 f o r  pure amnonia a t  25.3OC. A theo re t i ca l  up- 

C a l -  

I n  t h i s  

I t does not seem poss ib le  t o  draw any f i r m  conclusions 

?he dev ia t ions  are c e r t a i n l y  la rger  than 
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SUMMARY CONCLUSIONS 

Experimental t ranspor t  proper t ies o f  f i v e  selected b inary systems have been 

invest igated i n  terms o f  the best theore t ica l  formulat ions present ly  a v a i l -  

able. This ana lys is  leads t o  the fo l low ing  t e n t a t i v e  conclusions: 

Regard i ng Theory: 

1. The d i f f u s i o n  c o e f f i c i e n t s  

inc lud ing mixtures w i t h  PO 

be very w e l l  described i n  

despi te  the f a c t  t h a t  t h i s  

f o r  monatomic gases. 

and v i s c o s i t i e s  o f  gas m xtures,  

yatomic and po la r  molecu es can 

erms o f  the Chapman-Enskog theory, 

theory i s  s t r i c t l y  r igorous on ly  

2. There i s  no reason t o  doubt the v a l i d i t y  o f  the Chapman-Enskog 

theory f o r  the thermal conduct iv i t y  o f  mixtures of monatomic 

gases; however, none o f  the experimental data a re  good 

enough t o  prov ide a r e a l l y  d e f i n i t i v e  t e s t  o f  the theory. 

There a re  approximate methods which take account of the e f f e c t s  

of i n t e r n a l  energy on the heat conduct iv i t y  of mixtures invo lv-  

ing polyatomic and polar  gases, 

is ing,  bu t  again, experimental p rec i s ion  i s  too low t o  permi t  

a meaningful evaluat ion o f  these methods. 

3 .  

These formulat ions seem prom- 

Regard i nq Exper i men t a  1 Data: 

1 .  There i s  already a large amount o f  mix ture data o f  modest ac- 

curacy and prec is ion  (say er ro rs  la rger  than 1 - 2%). 

exper imentat ion of t h i s  s o r t  w i l l  do l i t t l e  t o  f u r t h e r  our t e s t i n g  

Fur ther  



. 
and understand i ng o f  theory. 

The very best determinations of  d i f f u s i o n  c o e f f i c i e n t s  and mixture 

v i s c o s i t i e s  seem good enough t o  provide r e a l l y  meaningful t e s t s  

o f  theory, inc lud ing the second Chapman-Euskog approximat on f o r  

d i f f u s i o n  and perhaps v i s c o s i t y  as wel l .  

q u a l i t y  would be most welcome. 

2. 

More data o f  t h  s 

3 .  There i s  a c ry ing  need f o r  thermal conduc t i v i t y  data o f  h igh ac- 

curacy and p rec i s ion  - l i t t l e  o r  none ex i s t s .  I t  i s  proposed 

t h a t  such data may be acquired f r a n  prec ise measurements r e l a t i v e  

t o  the noble gases. 

gases can be computed from the best v i s c o s i t y  measurements by 

means of  r igorous k i n e t i c  theory. 

Accurate conduc t i v i t i es  f o r  the monatomic 
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